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We studied the symmetry of magnetic properties and the resulting magnetic textures in ultra-thin
epitaxial Au0.67Pt0.33/Co/W, a model system exhibiting perpendicular magnetic anisotropy and
interface Dzyaloshinskii-Moriya interaction (DMI). As a peculiar feature, the C2v crystal symmetry
induced by the Co/W interface results in an additional uniaxial in-plane magnetic anisotropy in the
cobalt layer. Photoemission electron microscopy with magnetic sensitivity reveals the formation of
self-organized magnetic stripe domains oriented parallel to the hard in-plane magnetization axis.
We attribute this behavior to the lower domain wall energy when oriented along this axis, where
both the DMI and the in-plane magnetic anisotropy favor a Ne´el domain wall configuration. The
anisotropic domain wall energy also leads to the formation of elliptical skyrmion bubbles in a weak
out-of-plane magnetic field.
Chiral magnetic spin textures are interesting candidates for future applications in data storage and spintronics
[1]. In perpendicularly magnetized ultrathin films, chirality may be induced by the Dzyaloshinskii-Moriya interaction
(DMI) [2, 3]. The DMI is a chiral antisymmetric exchange interaction, which may exist in systems with a lack of
structural inversion symmetry and a strong spin-orbit coupling. In ultrathin magnetic films, the conditions that
can lead to an interfacial DMI are satisfied if the two interfaces are different (inversion symmetry breaking) and is
increased if at least one of the interfaces contains a heavy metal such as Pt or W (strong spin-orbit coupling).
An appropriate balance between the DMI, Heisenberg exchange interaction, dipolar interactions and magnetocrys-
talline anisotropy (MCA) can lead to the stabilization of chiral Ne´el domain walls (DW) and Ne´el-type skyrmions
[4, 5]. Skyrmions are chiral whirling magnetic configurations with a non-trivial topology [6], which have been theoret-
ically investigated [7] and experimentally detected in bulk systems with B20 symmetry [8], and, in a metastable state,
in ultra-thin magnetic films [9–11]. Until now, most thin film magnetic systems hosting skyrmions and skyrmion
bubbles [12] at room temperature were prepared by sputter deposition [10, 11, 13, 14], leading to polycrystalline
systems with isotropic properties within the film plane. These systems display an in-plane circular symmetry, so that
domain walls and skyrmions show isotropic properties.
In epitaxial systems, however, the symmetry of the magnetic interactions reflects the crystal symmetry of the
magnetic crystal and its interfaces [15–17]. In-plane strain can lead to distorted skyrmion phases [18, 19]. In systems
with C2v symmetry, uniaxial and/or biaxial in-plane magnetic anisotropies can occur [20], whereas the DMI may have
different strength and sign along two perpendicular in-plane directions [21]. We recently confirmed experimentally such
anisotropic properties in epitaxial Au/Co/W(110) thin films with C2v symmetry, where in addition to an out-of-plane
easy magnetization axis, a uniaxial in-plane anisotropy and a strongly anisotropic DMI were observed [22].
In the present work, we investigate the influence of the out-of-plane and in-plane anisotropies on magnetic textures
such as domain walls and skyrmion bubbles in an epitaxial AuPt/Co/W film with C2v symmetry. The introduc-
tion of Pt in the top layer is expected to strongly increase the DMI with respect to the Au/Co/W system studied
previously, while reducing the out-of-plane MCA. The system is grown using pulsed laser deposition (PLD) and the
crystal symmetry is studied in-situ with reflection high energy electron diffraction (RHEED). The magnetic proper-
ties are investigated with a vibrating-sample magnetometer based on a superconducting quantum interference device
(VSM-SQUID), Kerr magnetometry, and Brillouin light scattering (BLS). Chiral domain walls and skyrmions are
studied theoretically using micromagnetic simulations and are observed experimentally using photo emission elec-
tron microscopy combined with X-ray magnetic circular dichroism (XMCD-PEEM). These measurements show that
the anisotropic magnetic properties lead to the formation of magnetic stripe domains spontaneously oriented along
the in-plane hard magnetization axis, which transform into elliptical skyrmion bubbles upon application of a small
out-of-plane magnetic field.
The Au0.67Pt0.33/Co/W stack was grown in a PLD system under ultra-high vacuum conditions (P ≈ 10−8Pa) [See
Methods]. A wedge of Co with a thickness ranging from 0.4 to 0.8 nanometers (2 to 4 monolayers) was deposited with
the help of a computer-controlled mask moving in front of the sample. The Co(0001) film grows on the W bcc(110)
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Figure 1: a) Overlay of the W(110) and the strained Co(0001) surfaces with the Nishiyama-Wasserman epitaxial relation-
ship [23, 24]. Red and green dots represent Tungsten and Cobalt atoms. The geometry and notation used to describe the
magnetization m in polar coordinates (θ, ϕ) in the W bcc(110) crystal frame are also illustrated. b) RHEED diffraction
patterns when the incoming electron beam, ki is perpendicular to the main in-plane crystallographic axes of W(110) and Co
(0001). c) Hysteresis loops obtained by focused polar Kerr measurements for different Co thicknesses. d) Sketch of the pos-
sible configurations for domain walls oriented along the in-plane hard axis and the in-plane easy axis. Red and blue arrows :
magnetization direction. Orange arrows : effective in-plane anisotropy field direction. Green arrows : effective DMI field
System Au/Co/W [22] Au0.67Pt0.33/Co/W
Dx · tCo(pJ/m) 0.29± 0.03 0.74± 0.1
Dy · tCo(pJ/m) 0.12± 0.02 0.79± 0.1
Ku(kJ/m
3) 1100±400 970±100
Kin(kJ/m
3) 136 ± 6 94± 9
Table I: BLS measurements for Au/Co(0.65nm)/W (from Ref. [22]) and Au0.67Pt0.33/Co(0.8nm)/W.
surface following the Nishiyama-Wassermann orientation [23, 24], i.e., with a unique epitaxial relationship with the
Co[1100]-direction parallel to W[1¯10] and the Co[112¯0] parallel to W[001] (Fig. 1(a)). These epitaxial relationships are
confirmed by RHEED (Fig. 1(b)), where it is seen that the Co grows pseudomorphically along W[1¯10] but is relaxed
along W[001]. The C2v symmetry, resulting from the epitaxial growth on W(110), induces an in-plane magnetic
anisotropy energy density (EMAE) in the system, in addition to the uniaxial out-of-plane anisotropy induced by the
AuPt/Co interface. EMAE may be expressed in the second-order approximation using spherical coordinates (θ, ϕ) [see
Fig. 1(a)]
EMAE(θ, ϕ) = −Kout cos2 θ −Kin sin2 θ cos2 ϕ (1)
where Kout is the effective out-of-plane anisotropy coefficient, defined as the difference in energy between the magne-
tization oriented along the hard in-plane direction and oriented perpendicular to the film plane. It can be expressed
as Kout = Ku - Kd with Ku being the out-of-plane magneto-crystalline anisotropy constant and Kd =
1
2
µ0M
2
s the
dipolar constant. Finally, Kin is the in-plane anisotropy coefficient, the difference in energy for the magnetization
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Figure 2: a,b,c) 10 µm diameter XMCD-PEEM images, taken with the projection of the X-ray beam on the sample surface
parallel to the W bcc[001] direction, for different thicknesses of Co. The stripe domain width decreases exponentially with
the Co thickness as can be seen in d). The thickness of the Co layer was determined from the position in millimeters on the
wedge and the known thickness gradient. e) 5 µm diameter XMCD-PEEM image for 0.8 nm of Co with the X-ray along the
W bcc[11¯0] direction. f) 1.5 × 1.5 µm2 zoom of a part of image (e). g) Line scan of the magnetic contrast along the direction
perpendicular to the DW direction (along the yellow line in f))
oriented along the in-plane hard and easy axes. VSM-SQUID hysteresis loops with a magnetic field along the main
in-plane crystallographic axes showed a smaller saturation field for a magnetic field applied along W[1¯10] than along
W[001]. Therefore, this confirms the Co axis parallel to W[1¯10] as the in-plane easy axis [20]. The spontaneous
magnetization Ms = 1.15± 0.1 MA/m was extracted from VSM-SQUID measurements for a Co thickness of 0.8 nm.
Figure 1 (c) shows the hysteresis loops measured with focused Kerr magnetometry at different locations along the
wedge, corresponding to different Co thicknesses. For tCo ≈ 0.58 nm a square hysteresis loop is obtained, which
indicates that the sample magnetization is fully saturated at remanence. With increasing Co thickness, the decrease
in the effective anisotropy Kout leads to a slanted loop, in agreement with a multi-domain state at zero field. The
ratio M/MS at zero field decreases as tCo increases from ≈ 0.67 nm to ≈ 0.8 nm where the magnetization is close to
the spin-reorientation transition (SRT), and the remanence is close to zero.
Table I summarizes the BLS results obtained for Au0.67Pt0.33/Co(0.8nm)/W, compared with our previous results
for Au/Co(0.65nm)/W [22]. In the following, we will indicate with x the bcc[1¯10] direction (in-plane easy axis) and
with y the bcc[001] direction (in-plane hard axis). Since the DMI is mainly an interfacial effect, Dx and Dy have
been multiplied by tCo to take the difference in Co thickness of the two samples into account. The data show that
along both in-plane directions the DMI strongly increases with the addition of Pt, compared to Au/Co/W, while the
in-plane anisotropy Kin decreases. Note, the error in the value of D mainly originates from the uncertainty in film
thickness and therefore in Ms.
The inclusion of Pt in the top layer strongly increases the DMI strength due to the stronger DMI at the Pt/Co
interface [25], but does not affect the chirality. The measured effective DMI of the trilayer systems is the total
contribution from both the top and bottom Co interfaces. It was reported by Ma et al. [26] that the DMI at the
Co/Au interface is negative, as is also the case for Co/Pt, and stronger than that of Co/W, which is positive. In
both Au/Co/W and Pt/Co/W trilayers, the DMI at the two interfaces is thus right-handed, and the positive DMI we
measure in our system is in agreement with the literature. The absence of or even slightly opposite anisotropy of the
DMI in Au0.67Pt0.33/Co/W, with respect to Au/Co/W, can arise partly from the large contribution to the DMI of
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Figure 3: XMCD-PEEM images with the X-rays along W [1¯10], at the same position but at different perpendicularly applied
magnetic fields. When a magnetic field µ0H equal to 11.7 mT is applied elliptical skyrmion bubbles are observed.
the Au0.67Pt0.33/Co interface, which may be isotropic or even show an anisotropy opposite to the one at the Co/W
interface.
In thin film systems with reduced symmetry, the competition between the DMI and the MCA is expected to induce
an anisotropic magnetic configuration of the DWs [16]. We can expect that for domain walls oriented along the W[001]
(in-plane hard axis, y) direction, both the in-plane anisotropy and the DMI are promoting a Ne´el configuration, which
is chiral because of the DMI (Fig. 1 (d)). For domain walls oriented along the W[1¯10] (in-plane easy axis, x)
direction, the DMI is promoting a chiral Ne´el configuration while the in-plane anisotropy promotes a non-chiral Bloch
configuration (Fig. 1 (d)), leading to an intermediate angle ϕ (or pi - ϕ), in between a Bloch and a Ne´el wall [16], with
ϕ depending on the relative strength of Kin and D. In the phenomenological sketch of Figure 1 (d) both the DMI
and magnetic anisotropy are represented as effective in-plane fields.
In order to determine experimentally the domain structure and the domain wall configuration in the
Au0.67Pt0.33/Co/W system, we used XMCD-PEEM. The domain configuration for Co thicknesses between 0.6 and
0.8 nm is shown in Figure 2 (a,b,c)). As expected from the one-dimensional (1D) model (see Supplemental infor-
mation), the stripe domains are almost uniquely oriented close to the W[001] direction, as a direct consequence of
the lower domain wall energy for domain walls oriented along W[001] than along W[1¯10]. The stripe domain width
sharply decreases with increasing Co thickness [Fig. 2(d)]. This width is determined by the competition between the
dipolar energy and the domain wall energy. The experimental points in Figure 2(d) are fitted with an exponential
decay, in agreement with theoretical models by Kashuba and Pokrovsky [27], without considering DMI, and by Meier
et al. [28] who considered the DMI in a two-dimensional spacing model.
The images in Figure 2 (a,b,c) do not show any extra magnetic contrast at the domain walls. As predicted by the
1D model, the expected domain wall width is larger than the spatial resolution. However, since the magnetization in
the center of the domain walls is expected to be mainly parallel to [1¯10] (Fig. 1(d)), it is mainly perpendicular to the
incoming x-ray beam and the expected magnetic contrast is in between the contrast of the two domains, and therefore
indiscernible. In order to verify this, we rotated the sample by 90° so that the image in Figure 2(e) was taken with
the X-ray beam oriented along the W [1¯10] direction, for a Co thickness of about 0.8 nm. A clear extra DW contrast
is now observed for domain walls oriented along the [001] direction, indicating that the in-plane component of the
5magnetization is perpendicular to the DW direction. Moreover, the DW contrast alternates between black and white,
confirming that the DWs are chiral Ne´el walls. A line scan along the beam direction [Fig. 2(f,g)], allows confirming
the right-hand chirality of the DWs parallel to the [001] direction, in agreement with the sign of the DMI determined
by BLS. From the line scan, a DW width of ∼ 52 ±5 nm was determined. This is in good agreement with the value
of pi∆y = 59 nm obtained for the domain wall width along the easy axis from the 1D model. Note that we were not
able to determine the DW magnetization for DWs oriented along the in-plane easy axis, since there are almost no
domain walls oriented along this direction and they are always very short.
To summarize, in agreement with the 1D model the XMCD-PEEM images reveal a strongly anisotropic domain
configuration, with a dominant orientation of stripe domains and domain walls along the [001] direction, the in-plane
hard magnetization axis. The images reveal that these domain walls are chiral Ne´el domain walls. The small number
and short length of domain walls oriented along the [1¯10] direction did not allow confirming the dominant Bloch
configuration expected for such domain walls. However, the strongly anisotropic domain wall orientation is consistent
with the difference in magnetic configuration and in domain wall energy of domain walls oriented along the W[001]
and W[1¯10] directions. Note that such a strong anisotropy of the domain wall orientation was not observed in the
Fe/Ni/W(110) system of Ref. [16], where the value of the DMI was an order of magnitude smaller than in our case.
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We discuss now the effect of the anisotropic energetic environment on the stabilization and shape of magnetic
skyrmions and skyrmion bubbles. The difference between a skyrmion and skyrmion bubble is extensively discussed
in [12]. A skyrmion is stabilized by DMI and exchange interactions, and its size is of the order of a few nanometers
[29]. On the other hand, a skyrmion bubble is stabilized mainly by dipolar interactions, and its size ranges from tens
of nm to a few microns. Skyrmion bubbles can be stabilized in thin films starting from a stripe domain phase and
applying a perpendicular magnetic field [13, 30] or by the confinement in nanodots with the proper lateral size [5, 11].
We investigated the magnetic field-induced skyrmion bubbles in the region close to the SRT (∼ 0.8 nm of Co), where
Kout is small and the presence of metastable skyrmions is favored. Figure 3 shows the XMCD-PEEM images taken
with the x-ray beam parallel to the W [1¯10] direction, under application of different out-of plane magnetic fields.
Upon increasing the magnetic field strength, the width of the domains with their magnetization anti-parallel to the
field decreases in order to decrease the Zeeman energy [Fig. 3(b)]. For strong enough applied fields (µ0H = 11.7 mT),
elliptical skyrmion bubbles are observed [Fig. 3(c)]. Even larger fields did not allow to stabilize spherical skyrmion
bubbles, annihilating the existing bubbles and domains instead. Line scans of the magnetic contrast along the major
and minor axes of the skyrmion bubbles give a Ry ∼= 66 nm and Rx ∼= 23 nm, where Rx and Ry denote the skyrmion
radius along the W bcc[1¯10] and [001] directions, respectively.
In order to understand the role of the in-plane anisotropy on the skyrmion shape, we performed micromagnetic
simulations using the code MuMax3 [31]. In the absence of in-plane magnetic anisotropy (Kin = 0) and for a
small DMI value, a skyrmion bubble cannot be stabilized and therefore a uniform ferromagnetic state is obtained
[Fig. 4(a)]. Using a larger DMI value, a skyrmion bubble can be stabilized [Fig. 4(b)] [5]. By adding a non-zero
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Bz
Dy
Dx,Kin
mz
−1
+1
Figure 5: Micromagnetic simulations with experimental values of the magnetic parameters reported in Table I for AuPt/Co/W,
for applied perpendicular magnetic fields of Bz = 0 mT, 5 mT and 10 mT
in-plane anisotropy that brings the system closer to an easy-plane anisotropy (i.e., Kout = Kin), the energy density
of domain walls oriented along the hard in-plane axis is reduced, allowing the stabilization of a skyrmion with a small
ellipticity for a small DMI value [Fig. 4(c)]. The ellipticity increases upon increasing the DMI [Fig. 4(d)].
This elliptical shape of the skyrmion bubbles can be explained by the anisotropy of the domain wall energy as
discussed before for the domain wall orientation. For a given surface area, the total domain wall energy depends on
the shape of the skyrmion bubble, while the surface dipolar energy and the Zeeman energy are more or less constant.
The total DW energy, i.e., the DW energy density multiplied by its length, can be minimized by increasing the DW
length along the in-plane hard axis and decreasing its DW length along the in-plane easy axis, leading to an elliptical
skyrmion shape.
Figure 5 shows the stabilized elliptical skyrmion in a 400nm diameter dot with the experimental values of the
magnetic parameters in Table I for AuPt/Co/W. The best agreement with the experiment is found for an applied
magnetic field Bz = 5 mT, giving Ry ∼= 65 nm and Rx ∼= 36 nm. The magnetic field is smaller than in the experiment
(Bz = 11.7 mT), but we consider that the agreement is good since the skyrmion size is very sensitive to the magnetic
parameters. Moreover, the experiment is performed in a continuous film, while the simulations are for a circular dot,
modifying the dipolar effects.
In conclusion, we studied the relationship of the symmetry of the crystal and its magnetic properties to the shape
of domains and skyrmion bubbles in an epitaxial perpendicularly magnetized AuPt(111)/Co(0001)/W(110) system.
We showed that the C2v crystal symmetry results in a biaxial magnetic anisotropy and a weakly anisotropic DMI.
The change of the capping layer compared to our previous study on Au/Co/W allowed the strength of the magnetic
interactions to be tuned while preserving their symmetry. BLS measurements confirmed that the presence of Pt
strongly increases the DMI with respect to Au/Co/W.
The interplay between the in-plane anisotropy and the DMI results in a strong dependence of the domain wall
energy on the orientation with respect to the crystallographic axes. This anisotropic behavior leads to a spontaneous
orientation of magnetic stripe domains along the hard in-plane axis, as revealed by XMCD-PEEM imaging. The
domain walls oriented along this axis are right-handed chiral Ne´el domain walls, favored both by the in-plane anisotropy
and the DMI. No domain wall contrast occurs for domain walls oriented along the in-plane easy axis, where the
competition between the DMI (favoring chiral Ne´el walls) and the in-plane anisotropy (favoring non-chiral Bloch walls)
should lead to a mixed Bloch-Ne´el DW configuration. Our experimental measurements showed that the application
of a weak perpendicular magnetic field leads to the transformation of the magnetic stripe domains into skyrmion
bubbles with an elliptical shape and a size of about 100 nm. This elliptical shape is due to the anisotropic domain
wall energy, in good agreement with micromagnetic simulations. Skyrmion bubbles can be expected to also show
strongly anisotropic dynamic properties when driven by spin-polarized currents [32].
METHODS
Sample preparation
The Au0.67Pt0.33/Co/W stack was grown in a PLD system under Ultra High Vacuum conditions (P ≈ 10−8Pa). A
10 Hz-pulsed Nd-YAG laser with pulse length ≈ 10 ns and doubled frequency (λ = 532 nm) was used. The deposition
7chamber was equipped with a 10 kV RHEED. The substrates were commercial Al2O3(112¯0) single crystals. Prior to
the growth, the deposition rate was calibrated using a quartz crystal microbalance.
The growth process is similar to the one described in our previous work [22]. First, 0.8 nm of bcc-Mo(110) was
deposited at room temperature, followed by the deposition at 370K of 10 nm bcc-W(110). After annealing at 1070 K
for 1 hour, the buffer layer showed high crystal quality as deduced from the in-situ RHEED 1×1 diffraction pattern
and the ex-situ θ/2θ X-ray diffraction patterns, where Kiessig fringes with many orders were observed (see Supporting
Information). A wedge of Co with a thickness ranging from 0.4 to 0.8 nanometers (2 to 4 monolayers (ML)) was
deposited with the help of a computer-controlled mask moving in front of the sample. The sample was progressively
warmed from room temperature to 350 K while the Co thickness increased [22]. Finally, a solid solution of Au0.67-
Pt0.33 was deposited at room temperature by alternating seven times the deposition of 0.66 ML of Au and of 0.33 ML
of Pt, up to a total thickness of 7 MLs, with the aim to promote the mixture of the two elements at the atomic level
and to avoid the formation of misfit dislocations [33]. The deposition is performed at a constant rate of 1 ML/300s.
BLS measurements
We performed BLS spectroscopy in the Damon-Eshbach configuration [34], for a Co thickness of 0.8 nm. The
magnetization is consecutively saturated along the hard and easy in-plane magnetization axes of the film by an
external magnetic field. The spin waves (SW) propagating along the direction perpendicular to this field are probed
by a laser with a well-defined wave vector kSW. Due to the DMI, the SWs involved in the scattering phenomena
propagating along opposite directions have different energies. By measuring the spin-wave frequency for positive and
negative field polarity, we obtain the frequency-shift ∆f =
f(+H)− f(−H)
2
=
gµB
h
2D
Ms
kSW with g the Lande´ factor,
µB the Bohr magneton, h Planck’s constant, D the micromagnetic DMI constant in J/m
2, and Ms the spontaneous
magnetization in A/m [35–38]. In this experiment, kSW = 16.7 µm
−1 and g = 2.17 [37].
XMCD-PEEM
XMCD-PEEM measurements were performed at the Nanospectroscopy beamline of the Elettra synchrotron (Tri-
este). The local magnetic contrast in this technique is proportional to the projection of the magnetization on the
X-ray beam direction. In our experiment, the X-ray beam is oriented with a grazing incidence of 16° with respect to
the sample surface, implying that we are about 3 times more sensitive to the in-plane component of the magnetization
than to the out-of-plane component. Together with the high lateral spatial resolution (down to 25 nm) and the high
sensitivity, this technique is particularly suited to study the domain wall configuration in our thin film system.
The images were recorded at room temperature at zero magnetic field, with the incoming x-ray beam parallel to the
main in-plane crystallographic directions of W(110). Dark and bright grey contrast corresponds to the magnetization
pointing up and down, respectively, perpendicular to the film plane.
Micromagnetic details
Micromagnetic simulations were performed with the Micromagnetic code MuMax3[31]. In Figure 4, we considered
an isotropic DMI taking the highest values for Au/Co/W and for AuPt/Co/W in Table I, divided by the Co thickness
of the simulation layer (tFM = 0.6 nm). We used A = 16 pJ/m, Kout = 0.2 MJ/m
3, MS = 1.15 MA/m, and in-plane
anisotropy Kin = 136 kJ/m
3, which are the parameters found for Au/Co/W[22]. A 60 nm diameter circular bubble
domain with zero domain wall width was set in the center of the 400 nm dot and then relaxed under no external
magnetic field. An in-plane cellsize of 1 nm was used.
Figure 5 was obtained considering the experimental magnetic parameters reported in Table I for AuPt/Co/W, with
an exchange stiffness of 16 pJ/m. The system was minimized under the application of an external perpendicular
magnetic field.
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